The guanidinium salt-based ionic liquid N,N,N ,N ,N -pentabutyl-N -benzyl-guanidinium bromide was synthesized and characterized by 1 H and 13 C NMR spectroscopy in solution and by single crystal X-ray structure analysis. The MO computational hybrid method of Morokuma and coworkers (ONIOM method) is applied to compare experimental and quantum chemical results. Four calculation models for two layer ONIOM calculations are defined based on differences of the area for the high-level layer region. Optimized geometries, interaction energies between the cation and the anion, and atomic charges are compared to data of full-QM calculations for the optimized geometry as well as of an experimental X-ray structure determination. The results indicate that it is mandatory for obtaining reasonable results that the parts of the substituent groups which are directly bound to the amino nitrogen atoms are included into the high-level layer. This least required ONIOM model for guanidinium-type ionic liquids can save computational cost of 90 % compared to the full-QM SCF calculation.
Introduction
Recently ionic liquids (ILs) have attracted considerable interest because of their potential broad range of applications in various areas of natural and engineering sciences [1] . The physical properties of ILs depend on the substituent groups of the cations as well as on the combination of cations and anions. The large variety of combinations of ionic species and substitution patterns allows the design of ILs with on-demand properties. Guanidinium-based salts are a relatively new class of IL with six substitution sites available in the cation ( Fig. 1 ) which allow a particular broad variation for tailoring the desired functions and properties.
Computational methods such as quantum mechanical (QM) calculations are contemporary established 0932-0776 / 09 / 0600-0765 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tools widely used to aid in the design of pharmaceutical drugs and other materials. However, sometimes the system size tempers the applicability of QM methods. For guanidinium ion-based ILs with various multiple substituent groups screening studies with QM calculations would be somewhat time-consuming, thus faster but still accurate methods are desirable. Recently, Morokuma et al. have developed a hybrid method (ONIOM method) [2] to treat large systems using QM calculations. The molecular system is divided into several layers, and a different calculation level is used for each layer depending on the importance. For example, for an enzyme, the active sites are treated with a high-level QM method, and remaining residues are treated with lower-level calculation methods, such as semi-empirical methods or molecular mechanics. This hybrid method is considered to be applicable to computationally investigate substitution effects at reduced cost by using different calculation levels for the main part and the substituent groups of the compounds under investigation. Thus it can be envisaged that the ONIOM method is suitable for screening investigations of guanidinium-based ILs.
In this study, the ONIOM method is applied to a guanidinium-based ionic liquid and compared to full QM calculations to confirm the usability of this approach for the prediction of ILs properties. N,N,N ,N ,N -Pentabutyl-N -benzylguanidinium bromide has been synthesized and fully characterized and was chosen as a prototype IL because experimental structural data from single crystal X-ray crystallography could be obtained. • C (Eq. 1). The purified salt was characterized by elemental analysis, IR, and 1 H and 13 C NMR spectroscopy in CDCl 3 , and by single crystal X-ray structure determination (details see Experimental Section). The methylene protons of the benzylic group at δ = 4.36 and 4.57 ppm are magnetically non-equivalent and show a geminal spin-spin coupling constant of 2 J H,H = 14 Hz (Fig. 2) .
Computational Details
The two-layered ONIOM (ONIOM2) method [1] is used to compare the accuracy of the defined layers for the molecule. Four types of ONIOM2 models (ONIOM-I-IV) are defined by relating increasing regions of the molecule to the high-level layer, as shown in Fig. 3 . For comparison the whole molecule is investigated by a normal QM calculation, denoted as full-QM. B3LYP/6-31G* is used for the high-level layer, and the molecular mechanics force field UFF [3] or the semi-empirical method PM3 [4] are used for the low-level layer calculations. The carbon atoms located at the boundary of layers (link atoms) are treated as hydrogen atoms for the high-level region. The geometry optimization calculations are performed for the four ONIOM2 and the full-QM models, starting from the structural data taken from the X-ray crystal structure study. Normal vibrational mode analyses are performed for the optimized structures to confirm that those are energy minimum structures for each model. The structures optimized by ONIOM2 model calculations are compared with the optimized structure obtained by the full-QM calculation as well as with the experimental data. The program PROFIT [5] is used to obtain the root mean square deviation (RMSD) of structural differences. The atomic charges are also compared. In the charge calculations, only the atoms in the high-level layer are used. The input for the model structures used for the charge calculations are obtained by replacing the link atoms spanning the QM and the low-level region with hydrogen atoms, deleting the atoms of the low-level layer, and optimizing only the added hydrogen atoms with constraints for the remaining part. The natural charge scheme is used for the atomic charge calculations [6] . The quantum chemical calculations were performed with the GAUSSIAN 03 program suite [7] .
Results and Discussions

Optimized structures
The optimized structures obtained by ONIOM2 and full-QM calculations and the experimental molecular structure obtained by single-crystal X-ray diffraction are shown in Fig. 4 . The differences of structural parameters and RMSDs are listed in Table 1 and Table 2 . The differences between ONIOM2 models and the full-QM model are reduced with increasing circumference of the high-level layer defining the atoms for QM calculations, except for the ONIOM-I model ( Table 1 ). The ONIOM-I model, with all substituent groups treated at low level, accidentally has a better agreement with the full-QM structure than the ONIOM-II or -III models. There is no significant difference between UFF and PM3 for the lowlevel layer calculations ( Table 1 ). The differences between several models and the data of the X-ray structure determination (Table 2) are larger than between ONIOM2 models and the full-QM model (Table 1) . Even the full-QM model of the optimized structure exhibits some deviations from the experimental X-ray structure data ( Table 2 ). The C + ··· Br − distance, the C + -N1···Br − angle, and the N2-C + -N3···Br − dihedral angle are 5.24Å, 155.1 • , and −159.7
• , respectively, for the full-QM model, and 5.87Å, 178.0 • , and −178.9 • , respectively, for the X-ray data (see Fig. 3 for the numbering of atoms). Thus basically the Br − anion is located close to the alkyl groups in both the ONIOM2-and the full QM-models and in the experimental X-ray structure without significant differences. The position of the bromide ion is somewhat different depending on the calculational model used (Fig. 3 ). This in turn leads to conformational changes for the alkyl groups close to the bromide anion. Conversely, if the conformations of alkyl groups change to become more compact, the Br − anion is in closer distance to the C + carbon atom. The RMSDs for the cations only are somewhat smaller than those for the whole ion pair, which is in accord with different relative positions of the bromide anion and the guanidinium cation for the different calculation models. In Table 2 . Average differences of structural parameters and root mean square deviations (RMSD) of several ONIOM2 calculations a and comparison with the X-ray structure data. the crystal the ordering of cations and anions is governed by additional packing restraints, and thus it is expected that the position of the anion in a single ion pair is different from the position of the anion in the crystal structure. Table 3 shows a comparison of the interaction energy between the guanidinium ion and the bromide ion calculated with the ONIOM2 and with the full-QM models.
Interaction energy between the cation and the anion
The interaction energy of −82.5 kcal mol −1 obtained by a full-QM calculation is reasonably reproduced by the ONIOM2 calculations within a deviation of ∼ 3 kcal mol −1 , except for the ONIOM-I model with UFF. At least the -CH 2 -moiety of the alkyl substituents which is linked to the amino nitrogen atoms of the parent guanidinium cation should be included in the high-level layer (ONIOM-II) to obtain reasonable energies compared with the full-QM calculation. Table 4 shows the atomic charges for the main atoms in the guanidinium bromide, viz. the central carbon (C), the three amino nitrogen (N), and the bromine (Br) atoms, calculated using the ONIOM-I -IV models. The atomic charges calculated for the ONIOM-I model differ significantly from those obtained by the full-QM model, in particular for the nitrogen atoms which show almost twice the negative charge in ONIOM-I calculations. It is noteworthy that the atomic charges are almost converged using the ONIOM-II model. Thus the chain link moiety of the substituent groups directly bonded to the amino nitrogen atoms play an important role in describing the charge distribution in the main part of the molecule. This trend is similar to that of the interaction energy as mentioned above. Similar trends are observed for the Mulliken charge definition (data are not shown).
Atomic charges
C NMR chemical shifts
The ONIOM-I model gives completely different results compared to full-QM calculations for the central carbon (N 3 C + ), for which the chemical shift is almost converged at ONIOM-III model. The calculated chem- ical shifts for the geometry calculated with the full-QM method is in reasonably good agreement with experimental data ( Fig. 5 and Table 5 ).
It is noticeable that calculated chemical shifts are lower than the experimental ones. In addition, carbon atoms located near the bromide anion are less shielded and resonate at relatively high field.
Computation times
The advantage of ONIOM methods in terms of computation costs is shown in Table 6 , where the computation times for single point calculations are compared for ONIOM-I -IV models and full-QM calculations. For our model system the computation time for the low-level calculation for all four ONIOM2 models is negligible (< 1 sec for UFF, and ∼ 2 sec for PM3). Thus the gain of using the ONIOM method is due to the reduction of the number of atoms which are treated with high-level QM calculation. The ONIOM-II model which is the least required model for this type of molecules saves 90 % of the computation cost compared to the full-QM calculation.
Conclusions
The ONIOM2 method has been applied to a guanidinium-based ionic liquid. It is shown that a QM treatment of the first chain link which is bonded to the nitrogen atoms is required to obtain results for the interaction energy, geometry and atomic charges which are comparable to full-QM calculations. No obvious difference between UFF and PM3 treatment of the lowlevel layer was found in this system. The application of our ONIOM-II model is a significant advantage for further screening studies for the design of guanidiniumbased ionic liquids which requires the treatment of larger ensembles of ion pair cluster systems. 
Experimental Section
Synthesis of N,N,N ,N ,N -pentabutyl-N -benzylguanidinium bromide
2.52 mL (21.1 mmol) benzylbromide is slowly added to a stirred solution of 7.17 g (21.1 mmol) N,N,N ,N ,Npentabutylguanidine in 25 mL n-pentane and subsequently heated to 60 • C for 2 h. The colorless solid product is separated by filtration and dried in vacuo at 10 −2 Torr. Further purification is achieved by dissolving the raw product in acetone and recrystallization at 8 • C. The colorless crystals are dried in vacuo at 10 −2 Torr. The first precipitation yields 4.6 g (8.99 mmol; 42.6 %) of pure N,N,N ,N ,N 
X-Ray structure determination
A suitable single crystal was obtained by recrystallization from acetone. Diffractometer: Nicolet P3. Structure solution by Direct Methods (SHELXS-97 [8] ) and refinement by fullmatrix least-squares methods on F 2 (SHELXL-97 [9] ). Crystal data and parameters related to the structure determination are summarized in Table 7 .
CCDC 7336312 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
